Abstract-We have experimentally characterized the neutron light output response functions of a deuterated-xylene scintillator for neutron energies lower than 10 MeV. We then used the response matrix to unfold the energy distribution of neutrons produced via several reactions, i.e., spontaneous fission, d(d,n) 3 He, 27 Al(d,n) 28 Si, and 9 Be(alpha,n) 12 C. Organic scintillators based on deuterated compounds show a fast response and good gamma-neutron discrimination capability, similar to or better than proton-based scintillators. Deuterated scintillators can also effectively provide neutron energy spectra by unfolding measured data with the detector response matrix, without the need of timeof-flight. Deuteron recoils, produced by elastic collisions between deuterium and impinging neutrons, are preferentially forwardscattered. This non-isotropic reaction results in distinct peaks in the response functions to monoenergetic neutrons. In this work, we evaluated a custom-fabricated 7.62 cm ×7.62 cm deuteratedxylene (EJ301D) liquid scintillator. This liquid has a low volatility and higher flash point, compared to benzene-based deuterated detectors, e.g., EJ315 and NE230. We measured the EJ301D detector neutron response matrix (up to 6 MeV neutron energy) using an intense 252 Cf source and the time-of-flight technique. The number of response functions obtained using our method is only limited by counting statistics and by the experimentally achievable energy resolution. Multi-channel unfolding was then performed successfully for neutron sources with different energy spectra.
cell size of 7.62 cm diameter ×7.62 cm length), for fission neutrons [1] .
Good detection efficiency is highly desirable in portal monitors and other border devices, which are designed to detect low neutron fluence rates at distances of 1 to 3 m from the detector. Neutron spectrometric capability is also highly desirable for SNM identification. The neutron detection process in organic scintillators is mainly determined by the scattering reactions of neutron secondaries with light nuclei. In organic scintillators based on deuterated compounds, deuteron recoils are preferentially forward-scattered. This non-isotropic reaction, unlike the n-p scattering reaction, produces distinct peaks in the response functions to monoenergetic neutrons for energies <20 MeV.
Brooks first [2] envisioned the application of neutron detection by deuteron recoils to neutron spectrometry, without need for time-of-flight. Hence, deuterated scintillators, such as deuterated-benzene, have been used in neutron physics for over 30 years, to detect neutron capture events via the prompt gamma-cascade [3] , [4] . Application of deuterated detectors for nuclear security and nonproliferation applications has also been demonstrated [5] [6] [7] [8] .
EJ301D is safer to operate compared to benzene-based detectors because it is less toxic and has a flash point of 26 • C, higher than the −11 • C, for C 6 D 6 . The detector also features a reasonable energy resolution, i.e. 25% −16% FWHM for 0.2-0.5 MeV electrons, respectively. The energy resolution was characterized in a previous work measuring quasimonoenergetic recoil electrons from Compton scattering [9] .
In this work, we measured the response matrix of a new, custom-fabricated, 7.62 cm ×7.62 cm xylene-d10 (EJ301D) liquid scintillator. The response matrix is used to obtain neutron spectra from a variety of sources: 252 Cf and (alpha, n) sources, such as Pu-Be, and from two-body reactions.
II. METHODS
The main characteristics of the EJ301D deuterated liquid scintillator used in this work are summarized in Table I [9] . The deuterium-to-carbon ratio in EJ301D is 1.2, higher compared to benzene-based scintillators (0.99). This difference in the chemical composition results in a higher neutron intrinsic efficiency than deuterated benzene (EJ315) [9] .
A. Time-of-Flight Technique for the Characterization of EJ301D Neutron Response
A 2.54-cm diameter by 2.54 cm length EJ309 detector, coupled to a 9214B photomultiplier by ET Enterprises Ltd., was used in conjunction with the EJ301D detector to perform the time-of-flight experiment. Prior to the experiment, we 0018-9499 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. used a 1 μCi Cs-137 source to calibrate both detectors. The EJ301D gamma-response linearity was tested using 137 Cs, 22 Na and 60 Co gamma sources (1 μCi activity) together with a 250-MHz, 12-bit, four-channel, CAEN DT5720 digitizer. The detector pulse height at the Compton edge is linear with the maximum energy transferred by scattered electrons (Fig. 1) .
A well-characterized 252 Cf source was used in the time-offlight setup. The source activity is 5.26 mCi (May 8 th , 2015), with a combined standard uncertainty [10] (1SD) of 0.06 mCi. The EJ309 detector was placed next to the source to provide a fast start signal for the fission event. We selected a relatively small size liquid cell to minimize detection of piled-up pulses. We also considered as start pulses only those produced by gamma-rays. These two experimental methods helped to improve the accuracy in the estimation of arrival time, at a price of reduced overall detection efficiency. Neutron time of flight is 65, 92 and 145 ns, for 5, 2.5 and 1 MeV neutrons, respectively, at a source-to-detector distance of 2.0 m. The data acquisition for the two detectors was performed with the above-mentioned CAEN DT5720 digitizer. The pulse onset of the start and stop events was determined as the leading edge time at 50% of the pulse maximum, using a constant fraction discrimination technique. Linear interpolation was performed to find the time stamp corresponding to the selected pulse maximum fraction. The full width at half maximum (FWHM) of the gamma-ray peak ( Fig. 2.a) , which is approximately 1.2 ns, is a good estimate of the achieved time resolution.
In Fig. 2(a) , one can also notice the contribution due to accidental uncorrelated gamma coincidences, as a uniform baseline distribution in the time-of-flight spectrum. We measured the time distribution of scattered neutrons by shielding the source with a polyethylene cylinder (60.96 cm length and 4.7 cm diameter) (Fig. 3) . This "shadow bar" virtually eliminates the exposure to primary neutrons, while allowing the measurement of the neutron background due to multiple collisions with the walls, floor and ceiling. This room-return component is relevant at neutron energies <500 keV. Pulse shape discrimination (PSD) was implemented to discriminate between gamma-rays and neutrons and is detailed in the next section. The effectiveness of the method is shown in Fig. 2(b) , where no spurious fast gamma peak is detected in the neutron signal.
The EJ309 detector was always operated at a −1459 V high voltage, while the EJ301D was biased at −1800 V during the first experiment and at −1990 V, in the second one. Operating the detector at two different high voltage gains is a method which is often used to lower the neutron detection threshold (high-gain acquisition), while keeping a wide measurement dynamic range (low-gain acquisition) [11] . The EJ301D was placed at a flight distance of 2.1 and 2.0 m, for the high and low-gain irradiation, respectively. The total measurement time, including the irradiation with the shadow bar, was 80 hours and 85 hours, for the low-gain and high-gain experiment, respectively. Such long measurement time was crucial for minimizing the uncertainty in the response matrix, especially at low (<500 keV) and high (> 4.5 MeV) neutron energy. There is high background in the first case and a low number of emitted neutrons in the second.
The light output response to monoenergetic neutrons is derived by time-binning the distribution of arrival times of detected neutrons [12] . The distribution of arrival times depends on the energy of the source spectrum, weighted by the detector intrinsic efficiency [13] . The highest neutron energy which is possible to resolve with an uncertainty comparable with the detector neutron energy resolution [10] (i.e., 200 keV) is approximately 6 MeV, given the system time resolution of ∼ 1 ns and ca. 2 m flight path. Conversely, the minimum neutron energy only depends on the capability of rejecting the scattered neutron background and the detector gamma-neutron discrimination threshold.
As the detector intrinsic efficiency was not known a priori, a reference spectral distribution was assumed for the 252 Cf source [14] .
B. Pulse-Shape Discrimination
Organic scintillators are sensitive to both neutrons and gamma-rays, however the two contributions must be well discriminated before performing spectral unfolding. The capability of organic scintillators to discriminate between gamma-rays, neutrons, heavy ions, etc. relies on pulse-shape discrimination methods [15] [16] [17] . Xylene-D10 is a PSD capable material. PSD is based on the different scintillator time response to different ionizing radiation. For equivalent energy depositions, high-linear energy transfer (LET) recoils, e.g. protons or deuterons resulting from neutron interactions, induce a delayed fluorescence emission, which in turns depends on the density of triplet states induced along the chargedparticle interaction path [18] . Neutron-induced pulses thus exhibit an overall slower decay constant, compared to photoninduced pulses. It is possible to discriminate between neutron and photon-induced pulses by measuring two quantities: the integral of the entire pulse and the integral of its tail. This approach is typically referred to as charge integration [19] . PSD performance is typically quantified defining a figureof-merit (FOM) value, which ranges from 0.5 to 2.5 and is proportional to the effective separation between neutron and gamma bands, at a given light output [20] .
C. Unfolding Algorithm and Measured Neutron Spectra
The neutron spectrum flux (E) was estimated by finding the optimal solution to the general Fredholm integral equation [see (1) ]. The inverse problem in (1) is based on a system of linear equations, where z 0i denotes the readings of the system, in terms of light output spectrum, and R i (E) is the detector response, as a function of neutron energy. The light output spectrum (z 0i ) is the frequency distribution of neutron pulse heights or integrals, also in units of MeV ee and M is number of ADC channels.
We discretized (1) in energy (2) and used the GRAVEL software to perform the unfolding [21] , [22] . GRAVEL finds the neutron spectrum flux which yields the light output spectrum [z i in (2)] most similar to the measured one (z i0 ). In (2), e i is the difference between the predicted light output spectrum and the measured one for channel i .
GRAVEL implements an algorithm which iteratively minimizes the quantity χ 2 [see (3)]. The weighting factor (ρ i ) of the error between the measured and estimated light output spectrum (z i ) is the relative standard deviation of the measured data. This is an interesting feature of the GRAVEL algorithm, which allows the code to set a high weighting coefficient for data bins whose uncertainty is low. This approach is suitable for data whose noise figure is not constant with energy.
In this work, the response matrix was measured in terms of detected neutrons per unit neutron fluence (counts n −1 cm 2 ), which is known. A light-spectral measurement in terms of total counts allows estimating the neutron fluence [see (2) ]. We applied this method to unfold several measured neutron light spectra. The EJ301D detector was irradiated using standard laboratory sources, i.e., 252 Cf (5.63 mCi, 6.3 × 10 6 fissions s −1 ) and PuBe (1 Ci, 1.4 × 10 6 neutrons s −1 ), at a source-todetector distance of 1 and 2 m, respectively. We also measured the fusion spectrum produced by a Thermo Fisher Scientific MP230 d-d electronic neutron generator. The detector was placed on-axis with the generator, 80 cm away from the target. Finally the 27 28 Si in its ground state [23] ).
Spectral uncertainty results from the propagation of the uncertainties in the measured values, the response functions and from the unfolding process itself. As the solution spectrum is not unique, the error must be propagated also during the process of optimization and parameter estimation, according to the chosen unfolding modality. We estimated the uncertainty of each energy bin of the solution spectrum (Figs. 7-9) , using a method similar to the one described by Reginatto et al. [24] . This method applies first small changes in the measured data, keeping the default spectrum and the response functions fixed, and afterwards applies small changes in the response functions, keeping the default spectrum and the measured data fixed. The sensitivity of the output spectrum to these small perturbations is combined and considered a good approximation of the uncertainty which can be associated with the unfolded spectrum. Additional analytical details can be found elsewhere [24] .
III. RESULTS

A. PSD Performance
The EJ301D detector exhibits a good PSD, with effective n-γ separation down to about 0.05 MeV ee at low-gain and 0.025 MeV ee , at high-gain. Two interesting examples of PSD application are shown in Fig. 4 , for the d(d,n) 3 He [ Fig. 4(a) ] and 27 Al(d,n) 28 Si [ Fig. 4(b) ] reactions. The two main regions of pulses can be seen: one corresponding to gamma rays and one corresponding to neutron pulses, with low and high tail integral, given an equal total integral value, respectively. Solvents and additives in the EJ301D scintillator mixture contain a small amount of hydrogen (<5% weight fraction of the total scintillator cell). In Fig. 4 , one can see a pulse group in the deuteron recoil region [highlighted by a black box in Fig. 4(a) ], beyond a total integral of about 2 V ns/dt, corresponding to the d-d energy peak of 2.46 MeV neutrons, for neutron scattering on deuterium.
The pulses in the black box are produced by proton recoils, as they show a higher light output, i.e., total pulse integral versus deuteron recoils. Proton recoil pulses also exhibit a lower tail integral than deuteron recoils. The LET is lower for protons than deuterons, hence the former exhibit a lower tail integral. In Fig. 4(b) , the PSD plot for the 27 Al(d,n) 28 Si reaction (6.000 MeV deuteron beam) is shown. As noted, this reaction produces up to ∼15 MeV neutrons. Above 10 MeV, recoil protons may also be produced via deuteron break-up 2 H(n,2n) 1 H inside the scintillator [26] . PSD was used to identify and distinguish the recoil deuterons and protons [ Fig. 4(b) ]. Again proton recoils show a lower tail integral, compared to deuteron recoils, which is due to their lower linear energy transfer in the energy range of interest (>1 MeV), Fig. 5 . Scatter plot of tail and total integral of pulses generated by exposure to a d-d electronic neutron generator (a) and to an accelerator driven 27 Al(d,n) 28 Si reaction. (b) Best separation between deuteron and proton recoils is achieved by calculating the tail and total integral over 230 and 250 ns, respectively, starting at the pulse maximum.
In Table II we report the figure-of-merit of the EJ301D detector for two gain settings and several neutron sources, including 252 Cf, d-d and 27 Al(d,n).
B. EJ301D Neutron Response Matrix and Neutron Light Output
We measured a full response matrix (Fig. 6 ) of pulse integral distributions from 300 keV to 6 MeV neutron energy with 20 keV ee light output bins, and 200 keV neutron energy bins. We used the time-of-flight technique and the strong 252 Cf source described in the previous section to determine the response matrix. A lower neutron energy limit of 300 keV was achieved using the double-gain method.
This response matrix allowed for the estimation of the neutron light output function (Fig. 7) . Pulse integral distributions for each quasi-monoenergetic incident neutron energy show a recoil-deuteron peak, which corresponds to 8/9 of the incident neutron energy. The energy resolution of an EJ301D detector is more affected by light-collection statistics and PMT resolution than by other factors, such as nonproportionality of the light yield [27] , [28] , according to [9] . The resolution function of a 7.62 cm ×5.08 cm EJ315 detector [29] , sharing the same PMT and voltage divider as the 7.62 cm ×7.62 cm EJ301D detector, was thus considered a good estimate for the 7.62 cm ×7.62 cm EJ301D resolution. We unfolded the EJ315 resolution function from the EJ301D light output response. From the intersection between the measured response to quasi-monoenergetic neutrons and resolution-filtered response we derived the edge fraction corresponding to the maximum recoil-deuteron energy deposited. We extended the light output function to neutron energies higher than 6 MeV using an exponential-fitted model and the high-energy light output we measured in a previous TABLE II   PSD FIGURE-OF-MERIT FOR EJ301D OPERATED AT HIGH AND LOW  GAIN, USING THREE DIFFERENT NEUTRON SOURCES: work [9] . Good agreement between light output obtained by low and high-gain time-of-flight experiments is noted in the 1-4.8 MeV range of the light output function (Fig. 7) .
C. Unfolded Neutron Spectra
The spectral unfolding performance is demonstrated here by unfolding four different spectra, which can be parametrized by very different functional forms.
Fusion d-d neutron energy spectrum and accelerator-induced binary reactions can be modeled by a Gaussian function or a linear combination of Gaussian functions, respectively.
A fission spectrum is best represented by an energydependent Watt spectrum. Gaussian-like energy distributions are relatively easy to estimate (Fig. 8) . Conversely, continuous spectra are quite challenging to unfold. In this case, the number of combinations of the response functions required to find a solution spectrum is much higher and covers a wider energy range, compared to the subset of the response matrix necessary to extract a few isolated neutron energy peaks by deconvolution.
1) Fusion d-d neutron source:
The light output measured from the d-d fusion reaction shows an edge corresponding 1 SD error bars) . The simulation was performed using the MCNPX-PoliMi code [30] . The unfolded neutron spectrum (right) is obtained using the MAXED [22] code. Fig. 9 . Light output response data for the EJ301D detector at 25 deg. from the 27 Al target. Deuteron recoil light output spectrum (left) has been obtained by selecting only the pulses in the deuteron region of the PSD plot [ Fig. 3(a) ]. Unfolded spectra (right), with labels of the energies of the 28 Si excited levels in MeV, observed in the (d, n) reaction [23] .
to the maximum energy deposited by deuteron recoils, i.e., about 0.5 MeV ee for 2.46 MeV neutrons. The unfolding algorithm yields a clearly discriminable peak in the neutron spectrum, corresponding correcly to the kinetic energy of neutrons emitted by the fusion reaction (Fig. 8) .
2) 27 Al(d,n) 28 Si neutron source: The 27 Al(d,n) 28 Si reaction has been studied by several authors [23] , [31] . The neutrons produced with energies above 5 MeV are due to the transitions to the excited states of the 28 Si nucleus and to its ground state. The ground state transition yields 15.26 MeV neutrons (at 25 deg), however the corresponding neutron peak is small, due to a low cross section at forward angles. Transitions to some of the excited states, i.e., l = 0, J = 2+ E x = 1.799 MeV; l = 0, J = 4+ E x = 4.614 MeV, corresponding to neutron peaks at 13.481 MeV and 10.646 MeV, respectively, are well separated and should be resolved. Fig. 9 shows the pulse integral distribution and unfolded neutron spectrum at 25 deg from the 27 Al(d,n) 28 Si with a target thickness of 3.1 mg/cm 2 . Neutron energy peaks were resolved by using an interpolating fit to finely bin the measured response matrix (50 keV neutron energy bins). Uncertainties in the neutron spectrum range between 10% and 15% (1SD). Neutron spectrum above 12 MeV has an associated uncertainty higher than 20% because of low count rates and it is not shown.
3) Radioisotope based neutron sources: A satisfactory agreement was achieved between the unfolded 252 Cf, for the spectrum calculated via time-of-flight (Fig. 10 ) and the 252 Cf measured and simulated EJ301D neutron light output spectra (left) (1 SD error bars) and corresponding neutron energy distribution from the time-of-flight experiments, compared with the spectrum obtained from unfolding the light-output spectrum. Fig. 11 .
Measured neutron light output response to PuBe (1 SD error bars). Room return was measured and subtracted using the shadow bar technique (left). Deduced PuBe neutron energy spectrum (right).
analytical Watt spectrum for 252 Cf [32] . The calculated light output was used to extend the response matrix up to 10 MeV via simulation. Such an extrapolated response matrix was necessary to unfold neutron spectra over 6 MeV, as in the case of PuBe (Fig. 11) . Alternatively, but with added uncertainty, one can use the response matrix known for EJ315 [5] , as was done in [9] . However, we hope to extend the response matrix for EJ301D using accelerator-generated neutrons with time of flight.
IV. CONCLUSION
We have determined a neutron response matrix (E n < 10 MeV) for a new, nontoxic, deuterated liquid organic xylene-d10 based scintillator: EJ301D. EJ301D has a higher flashpoint than benzene-d6 based scintillators, such as EJ315, NE230 and BC537. We used this matrix for neutron spectra deconvolution and demonstrated the use of an EJ301D detector as a spectrometer for a variety of neutron sources including fission, (α,n) and (d,n) sources, without need for time-of-flight. Importantly, EJ301D also shows a good capability of discriminating between neutrons and gamma-rays, down to energy thresholds as low as 50 keVee, corresponding to approximately 350 keV neutron energy. This low detection threshold improves both the unfolding fidelity and overall detection efficiency, partially compensating for the slightly lower light output response compared to 1 H based scintillators.
Detector capability of discriminating not only between recoil electrons and deuterons, but also between deuterons and protons, was demonstrated. At high neutron energies (E n > 6 MeV), neutrons can undergo several reactions, and a number of recoil charged particles need to be discriminated. According to Nakao et al. [33] , BC501A scintillator detector response is significantly affected by light yields of charged particles produced by reactions on carbon only above 30 MeV, with 12 C(n,d) 11 B reaction being the most significant contribution [34] . Other than the 12 C(n,d) 11 B reaction, at neutron energies above 6 MeV, elastic scattering and several two-body reactions, i.e., 12 C(n,α) 9 Be, E th = 6.17 MeV, 12 C(n,n')3α, E th = 7.88 MeV, 12 C(n,p) 12 B E th = 13.64 MeV, are likely to occur.
We plan to extend the measured response matrix for EJ301D to energies higher than 10 MeV, in order to identify the contribution of these reactions.
Below 10 MeV, a satisfactory agreement between theoretical and unfolded spectra was achieved, confirming the suitability of deuterated scintillators for neutron spectroscopy [6] . The unfolding algorithm we used does not require a "guess" spectrum as an initial condition and can thus be used even when no a priori knowledge of the neutron energy spectrum is available, as is the case for nuclear security and safeguards scenarios.
Compared to other systems used for neutron spectroscopy, i.e., 6 LiI(Eu), 3 He and 10 BF 3 based multisphere spectrometers [34] , [35] , neutron telescopes [36] and time-of-flight systems [37] , deuterated-xylene is easy to set-up, can perform spectrometry in real-time, and has a relatively high intrinsic efficiency for fast neutrons [5] .
Current research is focused on developing advanced unfolding algorithms [38] , able to incorporate both neutron and photon response matrixes and thus perform pulse shape discrimination, in addition to spectral characterization. We expect the neutron spectra resolution to improve at low energies, by adding additional information. These algorithms will also be used to compare deuterium-based scintillators to hydrogenbased ones, in terms of spectrometry performances.
